Study Design. Systematic review and meta-analysis. Objective. To compare the treatment effects of observational studies versus randomized controlled trials (RCTs) in cervical disc arthroplasty. Summary of Background Data. RCTs can be logistically challenging and sometimes insufficiently generalizable; welldesigned observational studies have been suggested as an alternative. We hypothesized that treatment effects of observational studies in cervical disc arthroplasty are similar to those of RCTs. Methods. We searched electronic database from 2000 to 2014. The Neck Disability Index (NDI) was the primary outcome from which the standardized pre-and-post mean difference (Hedges's g) was determined. Meta-analysis was performed to compare Hedges's g from observational studies to that of RCTs. Potential moderator variables including study quality, age, gender, industry sponsorship, location by continent, and disc types were also collected and analyzed. Observational studies were further stratified into prospective and retrospective, and they were compared to each other as well as to RCTs. Results. We identified nine RCTs, 28 observational studies, and one hybrid study for meta-analysis. NDI Hedges's g was 2.15 for RCTs and 2.03 for observational studies, which was not significant (P ¼ 0.416). No significant difference was found in secondary outcomes. However, after further stratification, prospective observational studies had less treatment effect in Visual Analog Scale neck compared with that of RCTs (1.60 vs. 2.11, P ¼ 0.006). RCTs recruited younger patients (44.1 vs. 45.6, P ¼ 0.008) with worse NDI at baseline (54.30 vs. 46.92, P < 0.001). Patients treated with ProDisc-C showed less standardized improvement on the NDI compared with the patients treated with Prestige (1.41 vs. 2.48, P ¼ 0.026). Conclusion. Prospective observational studies that utilize the same features of RCTs such as inclusion and exclusion criteria validated clinical outcomes, and statistical methods can provide valuable information about the treatment effects on a generalizable population.
R
andomized controlled trials (RCTs) are widely considered the optimal research design to demonstrate safety and effectiveness of new surgical interventions. Unfortunately, RCTs are logistically challenging; there is difficulty recruiting patients to be randomized to different surgical treatments, standardizing cointerventions, and blinding all the participants. Consequently, close to 90% of the published orthopedic literature are nonrandomized, observational study designs. 1, 2 Observational studies, which include prospective comparative, retrospective comparative, case-control, and caseseries studies, have been criticized as having outcomes that were inconsistent with RCTs. 3, 4 Initial observational studies of a new device are often performed by the inventors, patent holders, or early adopters, which raises the question of bias because of financial interest in the device. However, observational studies may be more generalizable as the indications are more inclusive than the more limited randomized trials. Benson et al and Concato et al demonstrated that well-designed observational studies are not qualitatively different from RCTs. 5, 6 After these pivotal findings, research was conducted across many fields of medicine to compare RCTs and observational studies. This effort has produced mixed results. 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] We therefore aimed to investigate the claim that well-designed observational studies can provide qualitatively similar data to RCTs by analyzing clinical outcomes of cervical disc arthroplasty.
Cervical disc arthroplasty is a motion-preserving procedure indicated in radiculopathy or myelopathy caused by cervical disc herniation or spondylosis. Clinical trials have shown that cervical disc arthroplasty results in equivalent clinical outcomes compared with anterior cervical decompression and fusion (ACDF). 22 These findings appear similar to published observational studies, but no formal comparison has been conducted.
We performed a meta-analysis to compare clinical outcomes of cervical disc arthroplasty in observational studies and RCTs. Primary outcome is Neck Disability Index (NDI). Secondary outcomes are neck pain and arm pain measured on Visual Analog Scale (VAS). Covariates, or moderator variables, were also investigated.
MATERIALS AND METHODS
The study was registered in the PROSPERO at www.crd.york. ac.uk/PROSPERO (registration no. CRD42013006169).
Selection Criteria
To facilitate more focused investigation, inclusion and exclusion criteria were detailed in each of four essential components of the study: Patients, Intervention, Comparison, and Outcomes (PICO) ( Table 1) . Minimum basic requirements include: 12-month follow-up, 75% followup rate, 15 patients in the investigational arm, 75% of cervical arthroplasty being either one-level or two-level, and objective validated outcomes at baseline and followup. Objective validated outcomes include NDI, VAS arm, and VAS neck. Non-English articles were excluded. RCTs are defined as studies that used random assignment of interventions. 5 Any study that used nonrandom assignment of interventions is considered an observational study. Two reviewers independently reviewed the abstracts and full-text articles to determine eligibility based on these criteria. If a consensus could not be reached, a third reviewer resolved the disagreement.
Search Strategy
With a medical librarian's consultation, two independent reviewers conducted a literature search using PubMed, Cochrane Database of Systematic Reviews, CINAHL, and Google Scholar. The first reviewer used the following keywords (arthroplasty OR ''disc replacement'' OR ''disc reconstruction'') AND (''cervical vertebrae'' 
Quality Assessment
Two reviewers evaluated quality of each study using the Downs and Black checklist, with an average score ranging from 0 to 32 (see Table, Supplemental Digital Content 1, http://links.lww.com/BRS/B74 which demonstrates customization of three topic-sensitive questions). 23 The Downs and Black checklist was selected because it can assess and quantify the quality of both randomized and nonrandomized studies. Because of the checklist's limitation on conflict of interest, 24 we further analyzed each study for source of funding. We used three categories for scaling the risk of bias associated with source of funding: low risk (þ), high risk (À), and unknown risk (?). We also graded each study based on the North American Spine Society (NASS) Levels of Evidence. 25 
Data Extraction
NDI was the primary outcome; VAS arm and VAS neck were the secondary outcomes. Mean and standard deviation were extracted from each study. If figures were the only form of data representation in the study, ImageJ (NIH) software was used to estimate the closest numerical values. Potential covariates including publication dates, disc types, levels of surgeries, demographics (age and sex), study quality, industry sponsorship, and study location by continent were collected (see Table, Supplemental Digital Content 2, http://links.lww.com/BRS/B74 which demonstrates detailed information regarding each included study).
Statistical Analysis
Meta-analysis was performed to estimate the treatment effect from preoperative to postoperative NDI, VAS neck, or VAS arm using Hedges's g. Hedges's g is defined as the unbiased estimate of the standardized mean difference, which expresses the treatment effect in each study relative to the variability observed in that study. The DerSimonian and Laird method was used to calculate study variance to allow pooling. A priori we planned a random effects model assuming study heterogeneity, although the Q statistic and I 2 value were analyzed. Statistical significance of the Q statistic was performed using a x 2 test. The I 2 value is an estimate of the between-study error; less than 25% is considered to be low, 25% to 50% is moderate, and greater than 50% has large heterogeneity. Comprehensive Meta Analysis, version 3.3.070 (Biostat, Englewood, NJ) was used to perform the meta-analysis. Sensitivity analysis was performed by eliminating outliers from each study group and by observing whether this elimination changes the results. Prepost correlation was set at 0.5. If standard deviation was not reported in a study, imputation was performed by calculating pooled standard deviation. Any imputation or prepost correlation was varied by AE50% to assess statistical changes. Publication bias was assessed qualitatively by the Funnel plots and statistically by the Orwin fail-safe N method and Duval and Tweedie trim and fill method. 26 Two approaches were used to analyze covariates. For continuous data, meta-regression to NDI Hedges's g was performed. R 2 , which is defined as the ratio of explained variance to total variance, estimates the impact of each covariate in meta-regression. 26 For categorical data (as in early vs. late publication date), head-to-head comparison was performed. Of note, early publication is defined as publication in 2009 or earlier, whereas late publication is defined as publication in 2010 or later. For disc types, we a priori decided to investigate only those that had at least three independent studies.
RESULTS

Systematic Review
The literature search identified 626 articles, of which 527 were eliminated after reviewing titles and abstracts. Seventyfour remaining studies were excluded after full-text review. As seen in Figure 1 , a total of 38 studies met final inclusion criteria (see Table, Supplemental Digital Content 3, http:// links.lww.com/BRS/B74 which demonstrates excluded studies and reasons for exclusion). Levels of evidence, device types, study location, number of surgery levels, clinical outcomes, Downs and Black quality score, and source of funding were tabulated (Table 2) . Nine studies were RCTs and 28 were observational. Among observational studies, 19 were prospective and nine were retrospective. One study was a hybrid of randomized and nonrandomized trial. The hybrid study by Vaccaro had both Levels I and IV evidence. 58 These two arms of the study were treated as separate studies for meta-analysis since patients were independent. Overall, the Bryan disc was the most used cervical arthroplasty device (39% of studies) followed by the ProDisc C (18%). Industrial funding was identified in 78% of RCTs, whereas 61% of observational studies had either industrial funding or did not state their source of funding.
Baseline Variables
As seen in 
Primary Outcome (NDI)
NDI was evaluated in nine RCTs ( Figure 2A ) and 25 observational studies ( Figure 2B) Figure 3A ), but not for observational studies as there were missing data in the left corner ( Figure 3B ). However, the Orwin's fail-safe N demonstrated a large number of studies needed to change the P value to be nonsignificant: 30 studies for RCTs and 53 studies for observational studies. Furthermore, the Duval and Tweedie trim and fill method demonstrated very little to no change in effect size when missing data were filled. In fact, no study was needed to achieve symmetry in observational studies.
Secondary Outcome (VAS Neck and Arm)
VAS neck and VAS arm were evaluated as secondary outcomes in nine RCTs and 11 observational studies (Table 5 ). No statistical difference was found in Hedges's g between the two study designs.
Study Design of Observational Studies
The treatment effects of the prospective observational studies, retrospective observational studies, and RCTs were compared in NDI, VAS arm, and VAS neck ( Figure 4 and Table 5 ). There was no significant difference in effect sizes for NDI and VAS arm. For VAS neck, RCTs had a significantly greater effect size compared with prospective observational studies (2.11 vs. 1.60, P ¼ 0.026).
Covariates
Results of continuous covariates are shown in Table 3 and the results of categorical covariates are shown in Supplemental Digital Content (see Tables, Supplemental Digital Contents 4 and 5, http://links.lww.com/BRS/B74 which demonstrate other covariates and disc types, respectively). Although R 2 demonstrated a large impact of baseline NDI on Hedges's g (0.21), the correlation was not significant (P ¼ 0.399). Other demographics, study quality, and baseline characteristics showed no significant correlation 
Device Types
Five disc types were compared (see Table, Supplemental Digital Content, which demonstrates NDI Hedges's g according to disc types). Discover had the highest NDI Hedges's g (2.49), followed by Prestige (2.48), Bryan (2.20), Mobi-C (2.10), and Pro-Disc C (1.41). The only significant difference was found between Prestige and ProDisc-C (P ¼ 0.014).
DISCUSSION
We performed meta-analysis of cervical disc arthroplasty studies to compare clinical outcomes of observational studies versus RCTs. We found no difference in treatment effects between the two study designs. However, after stratifying the observational studies further, we found that only the VAS neck effect size was smaller in prospective observational studies compared with RCTs. Therefore, we can conclude that observational studies have similar treatment effects to RCTs in cervical disc arthroplasty. These results are, however, tempered by the study heterogeneity in all study design groups. Recent evidence demonstrates that observational studies often underestimate the magnitude of treatment effects compared with RCTs. 10, 65, 66 Huynh et al 10 explain that this is largely a reflection of real-world application that observational studies represent. Interestingly, the RCTs in our study were more selective in choosing patients with worse preoperative NDI and younger patients. Four RCTs (Mummaneni et al, 45 Murrey et al, 46 Philips et al, 51 and Coric et al 32 ) set the NDI threshold as inclusion criteria, whereas no observational studies had such criteria. Consequently, the difference in preoperative NDI estimated means between prospective observational studies and RCTs was large. Furthermore, RCT patients were statistically younger compared with patients in prospective observational studies although the small difference has limited clinical significance. Younger patients with worse symptoms have capacity to improve more clinically than older patients with less symptoms.
The fundamental differences between RCTs and observational studies-such as random allocation of treatment groups and blinding in RCTs -have also been demonstrated having little impact on the overall treatment effect. 5, 6, 66 Blinding is difficult and may be unethical in surgical investigations. Many RCTs are criticized for this limitation. To overcome this, patient-reported outcomes are used and should be collected by independent researchers from the surgery. To strengthen observational studies, Horwitz et al 67 reported four important qualities: identifying a ''zero time'' for patient's eligibility and baseline features, using inclusion and exclusion criteria similar to those of clinical trials, adjusting for differences in baseline susceptibility, and using statistical methods similar to clinical trials. By incorporating these ideas, Benson et al and Concato et al determined that well-designed observational studies demonstrate equivalent data compared with RCTs. 5, 6 Prospective observational studies included in our study met three of four qualities that Horowitz discussed. Similar inclusion and exclusion criteria were used in both study designs. Statistical methods were similar. Identification of ''zero time'' was also similar because surgical intervention was used as an unequivocal time point, before which patient's eligibility and baseline features were determined. One quality that was not met in our study is failure to adjust for differences in baseline susceptibility.
Another important consideration regarding study design is classification of observational studies. First, we investigated prospective versus retrospective observational studies. Though not statistically significant, patients in retrospective observational studies had demonstrated greater treatment effects compared with those in prospective observational studies as well as RCTs. We question the validity and reliability of retrospective findings because of confounding and selection biases. More research should be undertaken to study the impact of these biases in both retrospective and prospective studies. Second, we question whether having a comparative group in a study has any impact on the treatment effect. We initially combined comparative cohort studies and case series into observational studies because we assumed that having a comparative group alone should not influence the effect size of another treatment. Moreover, there are only three true prospective cohort studies that had another surgery as a comparative group. Each study had a small sample size. Nonetheless, we did post hoc analysis and found no difference in treatment effects between case series and comparative cohort studies. Again, more research should be undertaken to validate our assertion.
There was large heterogeneity within each study design group, attributable to several factors. There were eight different artificial disc designs used in our study, each of which may have had a different treatment effect. 68 Furthermore, studies were carried out in various geographic locations; cultural differences may very well have impacted the measurement of subjective clinical outcomes. Comorbidities such as smoking and diabetes that can influence clinical outcomes were not accounted for in our studies. More likely, inclusion and exclusion differences accounted for the heterogeneity. However, heterogeneity was expected and thus a priori we used a random-effect model. Furthermore, we investigated this large heterogeneity by analyzing various covariates.
Publication bias was present in observational studies. Funnel plot of observational studies in Figure 3B demonstrated missing data in the left corner. We performed post hoc Begg and Mazumdar rank correlation and Egger regression intercept, all of which demonstrated significant publication bias (data not shown). Using Duval and Tweedie trim and fill method, missing studies to the left side of the mean effect were imputated, but the point estimate and 95% confidence interval for the combined studies were unchanged. This implies that publication bias is indeed present for observational studies in cervical disc arthroplasty but the impact of missing data is minimal. We also might have contributed to this publication bias by excluding studies that had less than 15 subjects and less than 75% follow-up. Strengths of our study include investigation of recent, modern articles. Notably, our study focused on a new surgical intervention with all of the studies published recently, after many recent recommendations for publication of observational studies such as Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) and for publication of RCTs such as Consolidated Standards of Reporting Trials (CONSORT ) .
69,70
We also decided a priori that all the included studies should have higher than 75% follow-up rate, which would limit selection bias. In conclusion, prospective observational studies that utilize the same features of the RCT study design such as inclusion and exclusion criteria validated clinical outcomes, and statistical methods can provide valuable information about the treatment effects on a generalizable population.
Key Points
Meta-analysis was performed to compare the treatment effects of observational studies versus RCTs in cervical disc arthroplasty. No difference was found in treatment effects between observational studies and RCTs. Baseline patient characteristics differed between prospective observational studies and RCTs with RCTs having younger patients with worse symptoms.
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